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Abstract—This paper presents a design-oriented transient 
stability analysis of a droop-controlled voltage-source converter 
(VSC), where the low-pass filters (LPFs) for inertia emulating 
are in focus. It reveals that the two LPFs in the active and 
reactive power loops take opposite effects on the transient 
stability: the former degrades the stability while the latter 
improves it. By means of the phase portrait, the mechanism 
behind this is explicitly elaborated, and the quantitative impacts 
of the inertia emulating terms are clearly identified. Subsequently, 
a design guideline of the LPFs for enhancing the transient 
stability is proposed. Finally, experimental results are provided 
to verify the theoretical analysis. 
Index Terms—Droop control, large-signal disturbance, transient 
stability, virtual inertia, voltage-source converter. 
I. INTRODUCTION 
Voltage-source converters (VSCs) are widely used in 
modern power grids for renewable energy generations and 
energy-saving applications [1]–[4]. To regulate the exchange 
of active and reactive powers with the grid, the P-f and Q-V 
droop control is usually employed in the VSCs [5], [6]. In the 
droop controller, low-pass filters (LPFs) are usually introduced 
to mimic the inertial characteristic of a synchronous generator 
[7], [8]. Thus, like the synchronous generator, the droop- 
controlled VSCs will also suffer from the stability problem 
under a grid disturbance. 
Substantial research efforts have been devoted to the 
stability analysis of the droop-controlled VSC, with the main 
focus on the small-signal disturbance [9], [10]. However, if a 
large- signal disturbance happens, e.g., a fault on transmission 
lines, a severe grid voltage sag, and a large load swing, the 
transient stability of the VSC, which characterizes the ability 
of the VSC to maintain synchronization with the grid [11], is 
concerned, and it attracts increasing research interests recently. 
In [12] and [13], a transient instability phenomenon of the 
droop-controlled VSC is found in the case of a current 
saturation due to a grid voltage sag. The similar phenomenon 
is also predicted in [14] by means of the deep learning theory. 
In [15], a VSC with the power-synchronization control (an 
equivalence to the droop control [16], [17]) is studied, and its 
transient behavior is explored in different types of grid faults. 
Nevertheless, a clear consensus regarding the role of inertial 
terms (or the LPFs) in the transient response is still missing. 
This paper aims to address this issue by quantifying the 
impact of the inertia emulating LPFs on the transient behavior 
of the droop-controlled VSC. To begin with, a large-signal 
model of the droop controller, which accounts for the cross 
coupling between the active and reactive power loops, is 
developed in Section II. Based on this model, an in-depth 
transient stability analysis is carried out by means of the phase 
portrait in Section III. It is shown that the LPF in active power 
loop degrades the transient stability while the LPF in reactive 
power loop improves it. To acquire a superior stability, a fast 
LPF with a high cutoff frequency (a low inertia) has to be 
preserved for the active power loop. Yet, for the reactive 
power loop, a slow LPF with a low cutoff frequency is critical 
to alleviate the undesired transient voltage drop caused by the 
reactive power control. These theoretical expectations are 
confirmed by experimental results in Section IV, before 
drawing the conclusion in Section V. 
II. LARGE-SIGNAL MODELING OF DROOP-CONTROLLED VSC 
Fig. 1 shows a single-line diagram of a three-phase VSC 
connecting to the grid. A constant dc voltage Vin is assumed at 
the input of the VSC. Inductor Lf and capacitor Cf form an 
output filter of the VSC, which is actually an LCL filter 
considering the grid inductance Lg at the point of common 
coupling (PCC) [18]–[20]. The grid voltage is represented by 
a vector E which has an amplitude E and a frequency ω0. 
The VSC is controlled as a grid-forming voltage source by 
the well-known P-f and Q-V droop method [5], [6]. Moreover, 
to mitigate power fluctuations caused by the load unbalance, 
LPFs are added into the power control loops [9], [10]. In this 
way, control laws can be written as 
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Fig. 1. Configuration of a droop-controlled VSC connected to the grid. 
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Fig. 2. Large-signal model of the power control loops. 
where ω and V are the frequency and amplitude of the VSC 
output voltage, with ω0 and V0 being their references; P and Q 
are the active and reactive powers, with P0 and Q0 being their 
references; Kp and Kq are the P-f and Q-V droop gains; and ωp 
and ωq are the LPF cutoff frequencies in the active and 
reactive power loops, respectively. 
Except for power filtering, the use of LPFs introduces a 
virtual inertia J to the VSC, which has been proved as [7], [8] 
1
p p
J
K ω
= . (3) 
Thus, a large ωp leads to a smaller inertia J. 
As shown in Fig. 1, ω is processed by a pure integrator to 
obtain the phase θ, which together with V, generates the 
voltage reference vector V*. The output voltage vector V is 
regulated by a voltage loop to track this reference. A current 
loop is cascaded to the voltage loop to damp the LC resonance 
and thus enhance the system stability [9], [10]. Generally, the 
dynamic of the outer power loop is over a decade slower than 
that of the inner voltage & current loop [21]. The outer loop 
and the inner loop can thus be evaluated individually. Hence, 
when analyzing the transient stability issue caused by the 
outer power loop, the inner dual-loop voltage control can be 
regarded as a unity gain with an ideal reference tracking 
[12]–[15], i.e., V = V* and |V| = V. 
Taking the voltage vector E as a reference and assuming 
the phase difference between V and E is δ, i.e., the power 
angle, we can obtain E = E∠0 and V = V∠δ. Thus, P and Q 
from the PCC can be expressed as [11] 
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Obviously, both P and Q are related to δ and V, which 
means that the active power loop that commands δ and the 
reactive power loop that commands V are coupled with each 
other. Considering this crossing coupling, a large-signal model 
of the power control loop is obtained as Fig. 2, where GP and 
GQ are the expressions of P and Q, i.e., (4) and (5), respectively. 
III. TRANSIENT STABILITY OF DROOP-CONTROLLED VSC 
Generally, the transient stability of the VSC is dependent 
on the dynamic response of δ under a large disturbance. Due 
to the crossing-coupling effect, the dynamic performance of δ 
is determined by the active and reactive power loops together, 
where their LPFs play an important role. To show the impacts 
of two LPFs individually, the droop controller without an LPF 
in the reactive power loop is discussed first. 
A. Effect of LPF in Active Power Loop 
Recalling (4) and Fig. 2, the dynamic equation of δ, with 
an LPF in the active power loop, can be described as 
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From (6), it is implicit to tell the dynamic response of δ, 
since it is coupled with the other controlled variable V, which 
is commanded by the reactive power loop. To quantify this 
coupling effect, we first rewrite the Q-V droop law by 
substituting (5) into (2) and letting ωq = ∞ (no LPF in the 
reactive power loop), i.e., 
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Fig. 3. Phase portraits of the droop control with an LPF in active power loop 
(E = 1 p.u.  0.6 p.u. and ωq = ∞). 
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which is obviously a quadratic equation of V. Solving this 
equation, V is found related to δ by (8). Substituting (8) into 
(6), the dynamic equation of δ, considering the effect of 
reactive power control, can be obtained as (9) (see the bottom 
of this page), which is a second-order differential equation 
solely related to δ. 
Hence, the dynamic response of δ can be explicitly judged 
by (9), which is critical for the transient stability analysis. 
However, due to the high nonlinearity, it is difficult to acquire 
an analytical solution of (9). In contrast, a graphical evaluation 
of (9) can be easily carried out by the δ -δ curve, which is the 
so-called phase portrait [22]. Based on the phase portrait, the 
change of δ can be readily predicted, i.e., δ will increase if δ > 
0 and decrease if δ < 0, and δ = 0 corresponds to equilibrium 
points. According to parameters in Table I, the phase portraits 
during the grid fault with a voltage sag are plotted in Fig. 3, 
where the curve with ωp = ∞ (no LPF in the active power loop 
and thus no inertia) is provided as a reference. It is worth 
noting that for ωp = ∞, the second-order differential equation 
in (9) will be reduced to a first-order one. 
Before the fault, i.e., E = 1 p.u., the VSC operates at point 
a with a power angle of δ1. When E drops to 0.6 p.u., δ may 
go to a new equilibrium or diverge to infinite, depending on 
ωp. For ωp = ∞, there are two equilibrium points, where point 
c (the solid dot) is the stable one, since δ can return to this 
point irrespective of a small disturbance; while point d (the 
open circle) is the unstable one, since a small disturbance will  
 
force δ to departure from this point. When the grid voltage sag 
occurs, the operating point jumps from a to b and then moves 
toward c, shown as the trajectory with arrows in Fig. 3. Once 
reaching point c, a new steady state is achieved due to δ = 0, 
and δ will stop at δ2 and never exceed it. This implies a 
transient response with no overshoot, which essentially results 
from the first-order dynamic behavior. 
With a finite ωp, the system will behave in a second-order 
manner. Although the operating point still moves from a to c 
in a stable operation, the trajectory is different from ωp = ∞. 
During the transient response, δ can exceed its steady-state 
value δ2, which implies an overshoot in the power angle. For 
example, if ωp = 2π·0.4 rad/s, δ starts to increase from δ1 due 
to δ > 0, and reaches its maximum value δm when δ first falls 
down to 0, then declines due to δ < 0 until terminating at δ2. 
The difference between δm and δ2 is defined as the power 
angle overshoot. It is known that for a stable operation, δm 
should not exceed δu, i.e., the power angle at the unstable 
equilibrium point (point d) [11]. To meet this requirement, a 
smaller overshoot would be desirable. 
As shown in Fig. 3, when ωp is increased to 2π·0.8 rad/s, a 
smaller δm (namely a smaller overshoot) is yielded. Hence, a 
large ωp is expected to reduce the power angle overshoot and 
thus to enhance the transient stability, and ωp = ∞ is the best 
because of no overshoot. On the contrary, an instability can 
arise with a small ωp. For example, when ωp is reduced to 
2π·0.3 rad/s, δ exceeds δu and then keeps increasing as δ > 0 
always holds, which means a loss of synchronization (LoS). 
Recalling the equivalence derived in (3), the inertia J is 
inversely proportional to ωp. Thus, a small inertia is critical to 
improve the transient stability, and no inertia is the best case. 
This finding provides a new perspective on the virtual inertia: 
while the virtual inertia improves the system frequency 
stability [23], it degrades the transient stability by raising the 
system control order and should be taken with great caution. 
B. Effect of LPF in Reactive Power Loop 
Based on the above analysis, the impact of LPF in the 
reactive power loop is further investigated. With the LPF, the 
dynamic equation of the reactive power loop is changed into 
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Fig. 4. (a) Phase portraits and (b) V-δ curves of the droop control with LPFs in both active and reactive power loops (E = 1 p.u.  0.6 p.u. and ωp = 2π·0.3 rad/s). 
Unlike the quadratic equation in (7), (10) is a differential 
equation. It is thus difficult to acquire an explicit expression 
of V [like (8)] from this differential equation. Fortunately, we 
can use the MATLAB command “ode45” to solve the 
differential equations in (6) and (10) together, and then plot 
the phase portraits and the V-δ curves, as shown in Fig. 4. ωp 
= 2π·0.3 rad/s is fixed in this study, and the unstable responses 
without the LPF (ωq = ∞) are redrawn with the solid lines for 
comparison. By adding the LPF (a finite ωq), the system 
trajectory converges to the equilibrium point c, implying a 
restoration of synchronization (RoS). Moreover, as ωq goes 
lower, the system trajectory is shifted inward with a smaller 
power angle overshoot, as shown with the dashed lines in Fig. 
4(a). Hence, a smaller ωq leads to a better transient stability. 
To reveal the underlying mechanism, the VSC voltage 
dynamic, which is dominated by the reactive power loop, is 
further analyzed with the V-δ curves shown in Fig. 4(b). For 
ωq = ∞ (no LPF), as E drops suddenly at the fault occurring 
instant, Q increases sharply referring to (5), which causes V to 
jump down from point a to point e. Then, as δ increases, Q 
also increases according to (5), which causes V to drop 
continuously following the Q-V droop law. This transient 
voltage drop will reduce P referring to (4), which, in turn, 
enlarges δ and pushes δ to the stability boundary δu. As a 
result, the transient stability is weaken. Such a negative effect 
is alleviated by the LPF, which slows down the dynamic 
response of the reactive power loop and makes V insensitive 
to the variation of Q. Hence, during the transient process, the 
VSC voltage is raised with the decrease of ωq, as shown with 
the dashed lines in Fig. 4(b). The raised V helps to increase P 
and push δ lower than δu, which means a RoS. Accordingly, V 
declines slowly from point a and finally stops at point c. 
From the above analysis, it can be concluded that the two 
LPFs in the active and reactive power loops take opposite 
effects on the transient stability: the former degrades the 
stability while the latter improves it. The strong transient 
stability demands a fast LPF with a high cutoff frequency (a 
low inertia) in the active power loop and a slow LPF with a 
low cutoff frequency in the reactive power loop. 
IV. EXPERIMENTAL RESULTS 
To verify the theoretical analysis, an experimental setup, as 
shown in Fig. 5, is built and test in the lab. The VSC is 
implemented by a Danfoss VLT FC-103P11K inverter, whose 
input is supplied by a constant dc voltage source, and its 
output is connected with an LC filter. A three-phase inductor is 
used to emulate the grid impedance Xg. The Chroma 61845 
grid simulator is employed to provide the grid voltage E. The 
VSC output voltage V and VSC output current I are measured 
through the dSPACE DS2004 A/D board. The measured 
signals are sent to the dSPACE DS1007 platform to 
implement the outer power control and the inner dual-loop 
voltage control. The phase angles of V and E are measured by 
a fast phase-locked loop, and their phase difference, which is 
denoted as the power angle δ, is fed to the oscilloscope 
through the dSPACE DS2102 D/A board. 
Table I gives the nominal parameters of the experimental 
setup. A low grid voltage E = 100 V is intentionally chosen for 
the convenience of emulating the low short-circuit-ratio grid 
condition. The droop gains Kp and Kq are designed according 
to the allowed frequency deviation Δω under the maximum 
active power Pmax and the allowed voltage deviation ΔV under 
the maximum reactive power Qmax, respectively [5], [6]. For 
the grid-connected application, the VSC can inject the full 
active power or the full reactive power depending on the 
operating scenarios. Hence, Pmax = Qmax = 1 p.u.. Meanwhile, 
Δω = 0.04ω0 and ΔV = 0.1V0 are set, which give rise to Kp = 
0.04ω0/Pmax and Kq = 0.1V0/Qmax, respectively. 
To perform a comparative test, different sets of controller 
parameters are examined, and they are grouped into three 
cases, as shown in Table II. Case I, Case II, and Case III refer 
to 1) the droop control without LPFs (no inertia), 2) the droop 
control with an LPF in active power loop, and 3) the droop 
control with LPFs in both active and reactive power loops, 
respectively. Based on these parameters, transient responses of 
the VSC are examined in the case of the grid voltage sag from 
1 p.u. to 0.6 p.u.. 
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Fig. 5. Configuration of the experimental setup. 
TABLE I. NOMINAL PARAMETERS OF THE EXPERIMENTAL SETUP 
Parameter Value p.u. Parameter Value p.u. 
Rated active 
power P0 
2 kW 1.0 
Rated reactive 
power Q0 
0 0 
Rated 
voltage V0 
100 V 1.0 
Filter 
inductance Lf 
1.5 mH 0.06 
Grid 
voltage E 
100 V 1.0 
Filter 
capacitance Cf 
20 μF 0.05 
Grid 
frequency ω0 
314 rad/s  
Grid 
inductance Lg 
12 mH 0.5 
P-f droop 
gain Kp 
0.04ω0/Pmax 0.04 
Q-V droop 
gain Kq 
0.1V0/Qmax 0.1 
 
 
 
Fig. 6 shows experimental results acquired with the 
controller parameters in Case I and Case II. For Case I, ωp = 
ωq = ∞, no inertia is preserved, and the control system is 
reduce to a first-order one. As shown in Fig. 6(a), when E 
drops to 0.6 p.u., δ starts to increase gradually and reaches a 
new steady state without any overshoot, which confirms a 
first-order dynamic behavior and implies a strong transient 
stability. The power angles before and after the fault are 30º 
and 70º, respectively, which correspond to δ1 and δ2 in Fig. 3. 
For Case II, the LPF in active power loop is enabled with 
three different ωp, while ωq = ∞ remains. With ωp = 2π·0.4 
rad/s (Case II-A) and ωp = 2π·0.8 rad/s (Case II-B), power 
angle overshoots are observed in their transient responses, 
where δ increases to its maximum value δm first and then 
declines to the steady-state δ2, as shown in Figs. 6(b) and 6(c). 
These verify a second-order dynamic response as expected in 
Section III-A. δm = 95º and δm = 84º are measured in the two 
cases, which proves a decreased overshoot with the increase 
of ωp. On the contrary, if ωp is reduced to 2π·0.3 rad/s (Case 
II-C), as shown in Fig. 6(d), low-frequency oscillations are 
triggered in the waveforms of P, Q, δ, V, and I, which imply a 
LoS and agree with the analysis in Section III-A. 
TABLE II. CONTROLLER PARAMETERS FOR THE EXPERIMENTAL TEST 
Parm Case I Case II-A Case II-B Case II-C Case III-A Case III-B
ωp ∞ 2π·0.4rad/s 2π·0.8rad/s 2π·0.3rad/s 2π·0.3rad/s 2π·0.3rad/s
ωq ∞ ∞ ∞ ∞ 2π·1rad/s 2π·0.3rad/s
 
 
 
Such an instability can be removed by incorporating a 
slow LPF into the reactive power loop, as illustrated in 
Section III-B. For verification, ωq = 2π·1 rad/s (Case III-A) 
and ωq = 2π·0.3 rad/s (Case III-B) are tested on the basis of ωp 
= 2π·0.3 rad/s, as shown in Figs. 7(a) and 7(b). It can be seen 
that as ωq decreases, V is raised during the transient process, 
which thus helps to reduce the power angle overshoot. 
Consequently, δm = 95º and δm = 86º are measured in the two 
cases. These experimental results confirm the theoretical 
analysis in Section III-B. 
V. CONCLUSIONS 
This paper has explored the transient stability of the droop- 
controlled VSC by considering the inertia emulating LPFs. A 
large-signal model considering the coupling effect has been 
developed to characterize the nonlinear transient responses. 
Based on this model, an in-depth transient stability analysis is 
performed using the phase portrait to quantify the impacts of 
LPFs. It has been shown that the LPF in active power loop 
degrades the transient stability while the LPF in reactive 
power loop improves it. As a result, a fast LPF with a high 
cutoff frequency (a low inertia) has to be preserved for the 
active power loop to ensure a strong stability. Yet, for the 
reactive power loop, a slow LPF with a low cutoff frequency 
is critical to alleviate the undesired transient voltage drop 
caused by the reactive power control. The theoretical findings 
have been verified by experimental results. 
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Fig. 6. Experimental transient responses of the droop-controlled VSC with controller parameters in Case I and Case II. (a) Case I: ωp = ωq = ∞. (b) Case II-A: ωp = 
2π·0.4 rad/s and ωq = ∞. (c) Case II-B: ωp = 2π·0.8 rad/s and ωq = ∞. (d) Case II-C: ωp = 2π·0.3 rad/s and ωq = ∞. 
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Fig. 7. Experimental transient responses of the droop-controlled VSC with controller parameters in Case III. (a) Case III-A: ωp = 2π·0.3 rad/s and ωq = 2π·1 rad/s. 
(b) Case III-B: ωp = 2π·0.3 rad/s and ωq = 2π·0.3 rad/s. 
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